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Abstract

Large annual escapees of farmed Atlantic salmon enhance the risk of extinction of wild
populations through genetic and ecological interactions. Recently, we documented
evolutionary change in gene transcription between farmed and wild Atlantic salmon after
only five generations of artificial selection. While differences for most quantitative traits
are expected to gradually dilute through repeated backcrossing to wild populations, the
genetic basis of gene transcription has been shown to be largely nonadditive and hybrid
crosses may display unexpected inheritance patterns. This makes it difficult to predict to
what extent interbreeding between farmed and wild individuals will change the genetic
makeup of wild salmon populations. Here, we compare the genome-wide gene transcription
profiles of Norwegian wild salmon to that of a second generation hybrid cross [backcross:
(Farmed X Wild) X Wild]. Over 6% (298, 

 

q

 

-value < 0.01) of the detected genes exhibited
highly significantly different transcription levels, and the range and average magnitude of
those differences was strikingly higher than previously described between pure farmed
and wild strains. Most differences appear to result from nonadditive gene interactions.
These results suggest that interbreeding of fugitive farmed salmon and wild individuals
could substantially modify the genetic control of gene transcription in natural populations
exposed to high migration from fish farms, resulting in potentially detrimental effects on
the survival of these populations. This further supports the idea that measures to con-
siderably reduce the number of escaped farmed salmon and their reproduction in the wild
are urgently needed.
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Introduction

 

Since the 1970s, Atlantic salmon have responded success-
fully to intense artificial selection aimed at improving
growth rates as well as other traits of commercial interest
(Gjøen & Bentsen 1997). Genetically based phenotypic
changes not specifically selected for have also resulted
from such selection programmes, including increased fat
content in flesh (Rye & Gjerde 1996) and poorer perfor-

mance in the wild (McGinnity 

 

et al

 

. 2003), as well as
physiological, morphological and behavioural changes
(Fleming & Einum 1997; Fleming 

 

et al

 

. 2002).
Farmed salmon are considered an important problem

for natural populations when they escape from sea-cages
and enter streams and rivers in significant proportions.
About two million escape annually, whereas the total
wild adult effectives are estimated to be about four million
(McGinnity 

 

et al

 

. 2003). These fugitives are thought to greatly
enhance the risk of extinction of wild populations through
genetic and ecological interactions (McGinnity 

 

et al

 

. 2003;
Hindar 

 

et al

 

. 2006), as well as by spreading diseases (Naylor

 

et al

 

. 2005). Monitoring in a range of Norwegian wild
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populations indicated that escaped farmed fish constitute
on average close to 20% of the adult population during the
breeding season (Fiske 

 

et al

 

. 2001). Experimental evidence
and nature observations also suggested that most successful
breeding of farmed salmon occurs through hybridization
with wild fish (Fleming 

 

et al

 

. 2000). A pressing question is
therefore to what extent interbreeding between farmed and
wild individuals will change the genetic make-up of wild
Atlantic salmon populations.

It is increasingly acknowledged that evolutionary changes
may strongly depend on alterations of gene transcription
regulation (Wilson 1976). Using the microarray technology,
which offers the possibility of a genome-wide scan for gene
transcription differences, we recently compared patterns
of gene expression in the progeny of farmed and wild
Atlantic salmon from Norway and Canada grown in
controlled conditions. Our results demonstrated that
five to seven generations of artificial selection led to
heritable changes in gene transcription profiles, the
average magnitude of the differences being 25% and 18%
for at least 1.4% and 1.7% of the expressed genes in juvenile
salmon from Norway and Canada, respectively (Roberge

 

et al

 

. 2006). Moreover, genes showing significant transcrip-
tion profile differences in farmed strains from both Canada
and Norway (16% of the differentially expressed genes)
all exhibited parallel changes, providing evidence for the
role of artificial selection in driving evolutionary changes
of gene transcription levels between wild and farmed
salmon.

Genetic changes for most quantitative phenotypic
traits in farmed salmon can be expected to gradually dilute
through repeated backcrossing to wild populations (if
non-native immigration ceases) due to their additive genetic
basis (Anderson 1949; McGinnity 

 

et al

 

. 2003; Hindar 

 

et al

 

.
2006; Tymchuk 

 

et al

 

. 2006). However, the genetic basis of
gene transcription appears to be largely nonadditive
(Gibson 

 

et al

 

. 2004; Hedgecock 

 

et al

 

. 2007; but see Cui 

 

et al

 

.
2006; Swanson-Wagner 

 

et al

 

. 2006) and hybrid crosses
sometimes display nonadditive inheritance patterns for
quantitative traits, such as outbreeding depression
(Gharrett 

 

et al

 

. 1999) and heterosis (Lippman & Zamir 2007).
Moreover, in the absence of strict policies to reduce the
number of escaped farmed salmon considerably, this number
is expected to increase due to the rapid development of
the aquaculture industry, further challenging the genetic
integrity of natural populations. Sea farming is also rapidly
developing for other marine fish species (e.g. Atlantic cod
and halibut; see Naylor 

 

et al

 

. 2005), and similar risks could
threaten their natural populations as well.

Here we compare, using a 16 006-gene microarray, the
genome-wide gene transcription profile of the progeny
(fry stage) of Norwegian wild salmon to that of a second
generation hybrid cross [backcross: (Farmed X Wild) X
Wild] to test whether genetically based differences in gene

transcription persisted in these hybrids. We also compare
our results to those of our previous study on genome-wide
transcription divergence between pure farmed and wild
salmon (Roberge 

 

et al

 

. 2006) in order to gain insights into
the relative importance of additive vs. nonadditive genetic
interactions in controlling gene transcription in salmon. In
this comparison, we address four main questions: (i) how
do the number of significant gene transcription differences
observed; and (ii) the average magnitude and range of these
differences compare between the two studies? In other
words, are there fewer and smaller differences between
backcross and wild salmon than between farmed and wild
salmon? (iii) how does the gene transcription difference
between backcross and wild salmon compare to that
observed between wild and farmed salmon for genes
that had shown significant transcription level differences
between wild and farmed salmon; and (iv) for genes that
showed significant transcription level differences between
hybrid backcross and wild salmon? Finally, we present
quantitative polymerase chain reaction (PCR) confirma-
tion of some of our earlier results on gene transcription dif-
ferences observed in Canadian farmed vs. wild salmon. By
documenting genome-wide effects of interactions between
farmed and wild salmon genomes on patterns of gene
expression, our main goal was to contribute to a better
understanding of the evolutionary impact of farm escapees
on wild salmon populations.

 

Methods

 

Fish crosses and samples

 

Twenty wild genitors from river Namsen (64

 

°

 

27

 

′

 

N, 11

 

°

 

28

 

′

 

E)
kept in captivity for one generation (in the absence of
deliberate selection) were used to generate 10 full-sib
wild families at the NINA (Norwegian Institute for Nature
Research) research station in Ims (Norway) in the autumn
of 2004. Ten hybrid (wild X farmed) genitors were crossed
with 10 wild genitors to generate 10 full-sib backcross
families (five families had wild mothers, and five had hybrid
mothers). Norwegian farmed genitors were taken from the
seventh generation of the Norwegian breeding programme’s
first brood line (‘Population 1’, 

 

sensu

 

 Gjedrem 

 

et al

 

. 1991),
which mainly originated from river Namsen (Gjedrem

 

et al

 

. 1991; Fleming & Einum 1997). Fertilized eggs were all
kept under identical controlled conditions (24 h darkness;
mean temperature (range) 3.9 

 

°

 

C (0.8–11.1)). The progeny
of the 10 full-sib families of each type was mixed for
rearing and a hundred fry of each type were randomly
sampled. Because juvenile characteristics play a determinant
role in the expression of life history traits at later stages
(Metcalfe 

 

et al

 

. 1989), and mortality and natural selection
are commonly intense during early life (Einum & Fleming
2000a, b; Einum 

 

et al

 

. 2002), this study focused on the fry
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stage (young of the year). Sexually undifferentiated fry were
sampled at the yolk-sac resorption stage, before exogenous
feeding and immediately frozen in liquid nitrogen. Sampling
stage was thus the same as in Roberge 

 

et al

 

. (2006).

 

RNA extraction, labelling and cDNA hybridization

 

Frozen fry were homogenized individually in TRIZOL@Reagent
(Invitrogen), and total RNA was extracted as previously
described (Roberge 

 

et al

 

. 2006; Roberge 

 

et al

 

. 2007). For
each sample, 15 

 

μ

 

g total RNA was retro-transcribed and
labelled. Transcription profiles of 23 of pure wild and 23
backcross fry were contrasted on 23 microarrays, always
using both types on each array. Dye and sample cross type
coupling was flipped between biological replicates. The
cDNA microarrays used here were obtained through
the consortium Genomic Research on All Salmon Project
(cGRASP, available from Ben F. Koop, bkoop@uvic.ca),
which comprises 16 006 salmonid cDNA clones (von
Schalburg 

 

et al

 

. 2005).

 

Signal detection, data preparation, statistical analysis and 
functional classification

 

Signal detection and data preparation was as previously
reported (Roberge 

 

et al

 

. 2006). Spots with mean signal
intensities smaller than the mean intensity of control empty
spots plus twice its standard deviation in both channels
were removed from the analysis, leaving a total of 4618
detected spots. To assess differences in gene transcription
between wild and backcross fish, data were analysed using
a mixed model of 

 

anova

 

 (Wolfinger 

 

et al

 

. 2001) and the
MA

 

anova

 

 R package (Kerr 

 

et al

 

. 2000, 2002). The model
included the ‘array’ term as a random term and the ‘sample
type’ (pure wild or backcross) and ‘dye’ terms as fixed
terms. A permutation-based 

 

F

 

-test (Fs, with 1000 sample
ID permutations) was then performed, and restricted
maximum likelihood was used to solve the mixed-model
equations. To correct for multiple testing, 

 

Q

 

-values were
calculated from the permutation based 

 

P

 

-values with the

 

Q

 

-value R package (Storey 2002). Since samples from a
same family cannot be considered as independent, our
model should ideally have included a family term (Millar
& Anderson 2004). However, space limitations prevented
us from rearing family groups separately and familial
information on the samples was lost. We therefore had to
deal with a certain level of pseudo-replication in these
data, which may inflate statistical power (Hurlbert 

 

et al

 

.
1984). Consequently, we used a conservative significance
threshold of 

 

q

 

-value < 0.01. Functional classification
and assessment of significant differential representation
of functional classes were performed in the 

 

david/ease

 

environment (http://david.niaid.nih.gov/david/). The

 

david 

 

2.1 (beta version) gene accession conversion tool was

first used to convert gene ontology-linked identifica-
tions of various types gathered in the 

 

grasp

 

 16 006-gene
microarray gene identification file to 

 

unigen

 

 clusters.
Assessment of significant differential representation of
functional classes was performed with 

 

ease

 

 2.0.

 

Comparison with previous results

 

A comparison of the results of the present study and that
of Roberge 

 

et al

 

. (2006) should take into account two main
potential caveats. First, the studies were performed using
different cDNA microarrays, though both were prepared
by the same group (cGRASP), using similar protocols
(see http://web.uvic.ca/cbr/grasp). The microarray used
in this study represents an ‘upgraded’ version which
comprises substantially more features (17 328 different
features) than the one used in our earlier study (8736 features
with neighbour replicates, 4368 different features). Only
about 25% of the cDNA clones printed on the microarray
used in the present study were also printed on the earlier
microarray platform and, inversely, some of the cDNA
clones printed on the earlier one were not printed on
the new microarray (including 18 ‘unknown’ cDNAs for
which significant expression differences were detected in
Roberge 

 

et al

 

. 2006). Consequently, we limited our com-
parisons to genes represented on both array platforms,
keeping for each gene the data from the cDNA clone that
showed the most significant hybridization signal difference
on each array type (smallest associated 

 

P

 

- and 

 

Q

 

-values), in
cases where a gene was represented by several different
cDNA clones. Second, the number and proportion of genes
showing significant transcription level differences at a
given significance threshold is not readily comparable
between studies because the statistical power to detect
significant changes varies with sample size and experimental
variance (Draghici 2003). Also, if more cDNAs are printed
on the array, more statistical tests are performed and more
false positives are then expected. Experimental variance is
expected to be similar in both studies since all hybridizations
and extractions were performed by the same person, CR,
using the same material, reagents and protocols. Yet, over
twice as many hybridizations were performed in the present
study compared to Roberge 

 

et al

 

. (2006) (

 

n

 

 = 46 instead of

 

n

 

 = 20 for the Norwegian system alone). To compare
the average magnitude and range of the significant gene-
transcription differences between the two studies, we thus
focused on the 1.4% cDNA clones representing the most
significantly, differentially expressed genes [i.e. the propor-
tion of significant genes observed in Roberge 

 

et al

 

. (2006)].
A common proportion was chosen instead of a given
significance threshold, since, with different statistical powers,
the same threshold would have represented different
stringencies, which could in turn have influenced the
average.

http://web.uvic.ca/cbr/grasp
http://david.niaid.nih.gov/david/
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Quantitative PCR validation of microarray results

 

Quantitative real-time polymerase chain reaction (qRT-
PCR) was used here to validate earlier microarray results
(Roberge 

 

et al

 

. 2006) for two candidate genes which had
shown significant gene transcription differences between
wild and farmed Atlantic salmon strains from Canada. The
first candidate is an ‘unknown’ gene (GenBank accession
no. CA039081), meaning the corresponding cDNA clone
sequence did not generate any BLAST hits with 

 

e

 

-value <
1 

 

×

 

 10

 

–15

 

 and an informative name. The second gene codes
for metallothionein A. Seventy-nine frozen fry sampled at
the yolk-sac resorption stage from families of farmed (39)
and wild salmon (40) were used (see Roberge 

 

et al

 

. 2006).
These individuals had not been used in our previous
microarray experiments. Total RNA was extracted from
the whole individuals using a standard Trizol extraction
protocol, mRNA was then retro-transcribed using the
High-capacity cDNA archive kit from Applied Biosystems.
TaqMan assay primers and probes were designed
with 

 

primer express

 

 1.5 and then tested in a validating
experiment to ensure comparable efficiencies. The control
gene (peptidyl-prolyl isomerase A) was chosen because it
showed minimal variance in its transcription level, both
within and between strains. Quantitative RT-PCR experi-
ments were performed on an ABI 7000 instrument connected
to a computer running version 1.2.3 of ABI Prism 7000 SDS
(Applied Biosystems). During the qRT-PCR, the recom-
mended default setups from Applied Biosystems were
used. Thus, a 2-min step at 50 

 

°

 

C was programmed to
ensure activation of the No AmpErase® UNG enzyme,
which was followed by a 10-min step at 95 

 

°

 

C to activate
the AmpliTaq® Gold enzyme. After those initial steps, 40
cycles were run, which consisted of 15 s at 95 

 

°

 

C followed
by 1 min at 60 

 

°

 

C for hybridization, elongation and detection
of fluorescence signal. All PCRs were scaled down from
50 

 

μ

 

L to 25 

 

μ

 

L and the proper detection volumes entered
in the software prior each run. For the unknown gene
(CA039081), the sequences and hybridization temperature
of the primers used for amplification were: 5

 

′

 

-GATA-
GCTTCCAGAATACTACAGTGACAATT-3

 

′

 

 (59 

 

°

 

C) and
5

 

′

 

-CGTGGCCTTTTTTCGACTGA-3

 

′

 

 (60 

 

°

 

C), while the
sequence and hybridization temperature of the TaqMan
probe was 5

 

′

 

-TGCAAAACCAGACTATTAT-3

 

′

 

 (69 

 

°

 

C).
For metallothionein, the sequences of the primers were
5

 

′

 

-GCCTCACTGACAACAGCTGGTA-3

 

′

 

 (59 

 

°

 

C) and 5

 

′

 

-
TGTGCTTCAGGCTGTGTGTGTGT-3

 

′

 

 (59 

 

°

 

C) and that
of the probe 5

 

′

 

-CACAGGTCTTGCCC-3

 

′

 

 (68 

 

°

 

C). Finally, for
Peptidyl-prolyl isomerase A, the sequences of the primers
were 5

 

′

 

-AAGAACTGGGACCCGTTGGT-3

 

′

 

 (59 

 

°

 

C) and
5

 

′

 

-GCATGGGCTGTCTGTCCAT-3

 

′

 

 (58 

 

°

 

C) and that of
the probe 5

 

′

 

-TTAGGGCCAGCGTTGG-3

 

′

 

 (70 

 

°

 

C). Following
the experiments, the transcription levels of the studied
genes for each individual were normalized first, by sub-

tracting the transcription level of the control gene in
that individual and, second, by subtracting the difference
between the transcription level of the control gene in the
individual as compared to a reference individual that
was maintained throughout the experiment. All statistic
tests were run in R (version 2.3.1) using the normalized
transcription levels described above. Normality of the dataset
was rejected by the Shapiro-Wilk test while homogeneity
of variances was accepted by the Ansari-Bradley test.
Wilcoxon’s rank sum test was therefore used to determine
the 

 

P

 

-values associated with the differences in normalized
transcription levels between the two strains for the two
studied genes. Since this experiment was aimed at validating
differences already observed independently, a one-sided
test was performed.

 

Results

 

Under assumptions of an additive genetic basis, more
phenotypic variance is expected in second-generation hybrids
than in the parental populations or species (Anderson 1949).
However, the 

 

F

 

-test for variance homoscedasticity did not
reveal more significant differences in the variance of gene
transcription levels between the progeny of hybrid and
wild salmon than expected by chance. 6.4% (298) of all
detected cDNA clones represented genes which showed
significantly different transcription levels (

 

Q

 

-value < 0.01)
between the progeny of wild and hybrid (backcross) salmon.

 

david/ease

 

 analysis for over-representation of gene ontology
categories among those genes, when compared to all genes
represented on the microarray, revealed several significantly
over-represented categories (Fig. 1, 

 

ease

 

 score < 0.025).
Each of these over-represented categories was directly
related to one of four main functional axes: cytoskeleton/
cellular organization, muscle development, oxidative
phosphorylation and extracellular component. Strikingly,
the vast majority of the genes falling into the first category
(which largely overlapped with the second) appeared
over-transcribed in hybrid vs. wild salmon, including
for instance cytoskeletal keratin (10 significant cDNA
clones, average: 44% over-expression), cofilin (51% over-
expression) and gelsolin (47% over-expression). Inversely,
all genes coding for ATP synthase subunits (main genes
belonging to the third functional axis) were under-
transcribed in hybrid vs. wild salmon (three subunits,
12 cDNA clones, average = 31% under-expression). Data
for genes from the fourth functional axis (extra-cellular
component) showed conflicting trends which reflected the
wider array of functions this axis comprised. For instance,
while all collagen-coding genes were under-transcribed in
hybrid relative to wild salmon (12 cDNA clones, average
= 28% under-expression), two different genes whose
products are involved in antigen presentation showed
over-transcription in hybrids (MHC class II antigen IE-

 

α

 

,
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four cDNA clones, average = 52% over-transcription; α-2
microglobuline, five cDNA clones, 61% over-transcription).
However, since functional annotation was possible for
only a portion of the genes (40% of the significant cDNA
clones and 26% of all clones on the microarray), results
from this functional over-representation analysis might
not be representative of the results in their entirety.

Known genes for which the transcription level differences
between hybrid and wild salmon fry were significant even
when using a Bonferroni-corrected threshold are presented
in Table 1. Data for 62 cDNA clones satisfied this very
conservative criterion; these represented 24 genes with
functional annotation and 18 ‘unknown’ genes. Among
these, the magnitude of the gene transcription differences
averaged almost two fold (1.98, either over- or under-
transcription in hybrid relative to wild salmon) and ranged
from a 7.15 fold under-transcription to a 7.18 fold over-
transcription in hybrid vs. wild salmon.

At the P < 0.01 threshold on permutation-corrected
P-values, 74 significant cDNA clones were observed in
Roberge et al. (2006) compared to 656 in the present
study. This represents, respectively, 1.4% and 13.2% of all
detected clones after subtracting the expected number of
false positives in each case. To evaluate how much of this
difference is explained by increased statistical power due
to the greater number of replicates in the present study, we
assessed the number of significant clones at P < 0.01 in a
random sub-sample of 20 comparisons from the original
sample of 46. The proportion and number of cDNAs represent-
ing differentially expressed genes (7.5%, 392, P < 0.01) was
still substantially higher than those observed between farmed
and wild Norwegian salmon in Roberge et al. (2006).

The average magnitude (for the 1.4% cDNA clones
representing the most significantly differentially expressed
genes in both studies) of the differences between backcross
and wild salmon was 76% (in either direction), which is

Fig. 1 Significant over-representation of gene-ontology categories among genes which showed significantly different transcription levels
between the progeny of wild and hybrid backcross salmon when compared to all genes represented on the microarray (ease score < 0.025).
For each gene-ontology category listed, the black bar indicates the proportion of genes in this category among all known genes on the
microarray while the white bar indicates the proportion of genes in this category among genes which showed significantly different
transcription levels (Q-value < 0.01) between the progeny of wild and hybrid backcross salmon.
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over three times that observed between wild and farmed
strains (25%). Significant gene-expression differences in
backcross vs. wild individuals ranged from 7.15-fold under-
transcription to 7.18-fold over-transcription, while the
highest difference observed between pure wild and pure
farmed Norwegian salmon strains was of 1.67 fold.

Various candidate genes whose transcription levels
appear to have evolved as a result of artificial selection
and domestication were identified in Roberge et al. (2006).
What happened to these differences after two generations
of interbreeding between farmed and wild salmon? Table 2
contrasts transcription-level fold changes for these genes
when compared between the progeny of wild and farmed
salmon on the one hand, and that of wild and backcross
salmon on the other. The difference in gene transcription
observed between pure wild and pure farmed strains
(Roberge et al. 2006) was either significant but smaller, or
not significant between wild and backcross hybrids for 67%

of the 33 different known genes that could be compared
(Table 2). This suggests that the genetic control of the
expression of those genes was additive (Gibson et al. 2004).
The remaining genes showed genetic control of gene
transcription more akin to low- or high-parent dominance
(9%), or to other patterns (24%) which were previously
described as gene expression over- or under-dominance
(e.g. Gibson et al. 2004). Here, we did not adopt this
terminology since over- or under-dominance refers to one
locus’ inter-allelic interactions, while gene transcription is
expected to be generally controlled by several loci (Brem
et al. 2002). Nor do we consider the heterosis/outbreeding
depression terminology (e.g. Vuylsteke et al. 2005) as
appropriate here since we do not know how the transgres-
sive mean fold-changes observed affect growth or other
performances. Instead we used the terminology ‘transgres-
sive mean under-’ and ‘transgressive mean over-transcription’
(TMUT and TMOT).

Table 1 Gene products corresponding to known genes that showed significant gene transcription differences between the progeny of
hybrid backcross and wild salmon when using a Bonferroni-corrected significance threshold (P < 1.1 × 10–5, all in bold in the ‘BC/wild’
column). The first column presents the number of different cDNA clones among the 62, showing significant differences at this threshold
corresponding to each gene. Transcription-level fold changes for those genes when compared between the progeny of wild and farmed
salmon (Roberge et al. 2006) or wild and hybrid backcross (BC) salmon (this study) are presented for comparison, as well as our
interpretation of the transmission pattern observed. A, additive transmission, meaning that the BC value is intermediate between farmed
and wild values; D, dominant transmission, meaning that the BC value is near to that observed in farmed salmon; TMUT, transgressive
mean under-transcription, meaning that the value observed in BC is lower than in both parental strains; TMOT, transgressive mean
over-transcription, meaning that the value observed in backcross is substantially higher than in both parental strains. Fold changes in bold
in the ‘farmed/wild’ column were significant in Roberge et al. (2006; P < 0.01). NA indicates cases where clones representing a gene could
not be identified on the microarray used in Roberge et al. (2006)

Gene product No. of clones BC/wild Farmed/wild Transmission

ADP, ATP carrier protein 2 2 0.75 0.91 TMUT
C1q-like adipose specific protein 2 1.10 NA NA
Fc receptor beta subunit family 2 2.24 NA NA
Low affinity immunoglobulin epsilon Fc receptor 2 0.14 NA NA
Anterior gradient-like protein 5 2.81 0.93 TMOT
Parvalbumin 4 1.14 0.82 TMOT
Beta-actin 2 1.22 1.36 A
Lysozyme g 2 0.85 0.85 D
Thioredoxin-like protein p19 precursor 2 3.49 0.93 TMOT
Collagen alpha 1(X) chain 3 0.50 1.01 TMUT
Troponin I, fast skeletal muscle 2 1.37 1.13 TMOT
Invariant chain S25-7 1 1.55 NA NA
Vitellogenin 1 1.26 1.13 TMOT
Ependymin 2 0.50 0.88 TMUT
Deoxyribonuclease I-like 3 2 1.49 NA NA
Phosphoglycerate kinase 1 1 0.31 NA NA
Gastrotropin 1 0.57 NA NA
Claudin 1 2.09 1.03 TMOT
alpha-globin and beta-globin 1 0.68 1.29 TMUT
Ribosomal protein S3a 1 1.80 1.07 TMOT
ATP synthase lipid-binding protein 2 0.66 1.11 TMUT
Matrix metalloproteinase-2 1 1.07 1.24 A
Myosin regulatory light chain 2 1 0.62 1.08 TMUT
Hemopexin 1 0.66 0.85 TMUT
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If most differences in gene transcription previously
observed between wild and farmed salmon were reduced
when comparing hybrid and pure wild salmon, where do
the differences observed in the present study come from?
Table 1 presents data for the 24 different known genes
which showed significant gene transcription difference
between hybrid and wild salmon under a Bonferroni-
corrected threshold. For comparison, we included fold
change data from Roberge et al. (2006) in the 17 cases for
which the genes were also represented on the earlier array.

Strikingly, control of gene transcription by additive gene
interactions was compatible with only 12% of the cases
while most (82%) of the gene transcription differences
observed between hybrids and wild salmon was transgres-
sive (either TMUT or TMOT).

Gene-transcription-level differences obtained with qRT-
PCR assays were highly significant for the two candidate
genes tested and concordant the microarray results (Fig. 2),
although with different average fold changes (metallothionein:
21% under-expression from the microarray assays and

Table 2 Gene products corresponding to known genes that showed significant gene-transcription differences between the progeny of
Norwegian farmed and wild salmon in Roberge et al. (2006) (P < 0.01; all in bold in the ‘farmed/wild’ column). Transcription-level fold
changes for those genes when compared between the progeny of wild and farmed salmon (Roberge et al. 2006) or wild and hybrid backcross
(BC) salmon (this study) are presented for comparison. The q-value indicating the significance of the fold change observed here between
wild and hybrid BC salmon is also included, as well as our interpretation of the transmission pattern observed. A: additive transmission,
meaning that the BC value is intermediate between farmed and wild values or that a significant difference in Roberge et al. (2006) is not
significant anymore in the present study (A*). D, dominant transmission, meaning that the BC value is similar to that observed in farmed
salmon; TMUT, transgressive mean under-transcription, meaning that the value observed in backcross is substantially lower than in both
parental strains; TMOT, transgressive mean over-transcription, meaning that the value observed in backcross is substantially higher than
in both parental strains. Fold changes in bold in the ‘BC/wild’ column were significant at the Q-value < 0.05 threshold. Q-values represent
FDR-corrected P-values

Gene product Farmed/wild BC/wild q-value Transmission

Creatine kinase 1.23 1.05 1.20 × 10–1 A
Glyceraldehyde phosphate dehydrogenase 0.83 0.87 1.34 × 10–2 A or D
NADH dehydrogenase subunit 5 1.31 0.95 2.07 × 10–1 A*
NADH dehydrogenase subunit 4 1.30 0.98 4.99 × 10–1 A*
ATP synthase beta-subunit 0.84 0.78 2.93 × 10–2 D or TMUT
Ferritin H 1.23 1.30 7.15 × 10–2 A*
Chaperonin containing T-complex polypeptide 1, epsilon subunit 1.29 1.35 1.14 × 10–2 D or TMOT
Ribosomal protein L10 1.22 1.08 4.08 × 10–2 A
Ran protein 1.24 1.14 4.20 × 10–2 A
Elongation factor 1 alpha 1.24 0.93 3.80 × 10–1 A*
Protein synthesis initiation factor 4 1.24 1.04 3.66 × 10–3 A
Alpha 3 type I collagen 1.59 0.82 2.38 × 10–2 TMUT
Alpha 2 type I collagen 1.67 0.79 3.04 × 10–3 TMUT
Matrix metalloproteinase-2 1.34 1.07 7.17 × 10–4 A
Secreted protein, acidic, rich in cysteine (SPARC) 1.30 0.81 1.81 × 10–3 TMUT
Mannose binding-like lectin 0.84 1.00 1.80 × 10–1 A*
Pentraxin 0.86 1.16 6.10 × 10–1 A*
Lysozyme G 0.85 0.85 0 D
BA1 beta-2 microglobulin 0.84 1.72 1.02 × 10–3 TMOT
alpha-globin 1.28 0.68 3.52 × 10–4 TMUT
Apolipoprotein A-I 1.89 0.71 1.06 × 10–2 TMUT
Plasma retinol-binding protein 1 0.83 1.32 1.58 × 10–1 A*
Calmodulin 1.29 1.13 2.15 × 10–1 A
Transducer of ERBB-2 0.81 0.97 2.58 × 10–1 A
Beta actin 1 1.64 1.22 0 A
Chitinase 1.30 1.26 2.02 × 10–2 A ou D
Cathepsin D 0.84 0.92 1.56 × 10–1 A
Cathepsin L 1.22 0.73 4.57 × 10–3 TMUT
Similar to Ornithine decarboxylase antizyme 1.24 1.04 6.10 × 10–2 A
High mobility group-T protein 1.27 1.08 3.93 × 10–1 A
Nogo-A 1.31 1.08 3.79 × 10–1 A
Dihydropyrimidine Dehydrogenase, Chain A 1.19 0.92 5.98 × 10–1 A*
Cofilin 1.21 1.51 6.15 × 10–3 TMOT
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36% under-expression with the qRT-PCR; CA039081:
58% over-expression from the microarray assays and 141%
over-expression expression with the qRT-PCR). Within-
group standard deviation was comparable between
the microarray and qRT-PCR results (Fig. 2), even though
sample size was smaller for the microarray experiment
(n = 26 vs. n = 79). This suggests that the microarray
platform and protocols we used produced very reproducible
results. Yet, on a larger number of biological samples, qRT-
PCR provides more statistical power to detect differences.
It is therefore useful as a validation technique, in particular
in cases where the significance of the microarray observed
differences is not conservatively high.

Discussion

Many genes (n = 298) with highly significant transcription-
level differences between the progeny of Norwegian wild
salmon and that of a second generation hybrid backcross
of farmed to wild salmon were identified here. Over-
representation of genes implicated in cytoskeleton/cellular
organization, muscle development, oxidative phosphoryla-
tion and extracellular components (collagen matrice, antigen
presentation) among those genes suggests that important
physiological and morphological differences may well

be persisting between wild and hybrid farmed salmon,
even though genetic differences for most phenotypic
traits tested were shown to be milder between backcross
hybrids and wild than between farmed and wild salmonids
(McGinnity et al. 2003; Hindar et al. 2006; Tymchuk et al.
2006).

The proportion and number of differentially expressed
genes was substantially higher here than observed between
farmed and wild Norwegian salmon in Roberge et al. (2006),
even when correcting for the increased statistical power
due to larger sampling. This observation is somewhat
analogous to that of Gibson et al. (2004), where 33% of the
genes showed significant transcription differences between
a hybrid Drosophila strain and its parental isogenic lines,
while only 25% of the genes showed significant gene
transcription differences between the two parental strains.
However, we cannot rule out the possibility that other
factors could have increased statistical power in the present
study [e.g. pseudo-replication (as discussed above) or an
increased constancy in the cDNA printing process, reducing
experimental variance]. We thus conservatively conclude
that the number and proportion of genes showing significant
gene-expression differences between hybrid backcross and
wild salmon are at least as important as observed in the com-
parison of pure wild and farmed salmon of the same strain.

Fig. 2 Quantitative real-time polymerase
chain reaction (qRT-PCR) verification of
previous results for two differentially
expressed genes (metallothionein A-coding
gene and the ‘unknown’ gene cDNA clone
CA039081) between the progeny of wild
and farmed Canadian salmon. Microarray
results (n = 26) for those two candidates are
presented on the left and qRT-PCR results
(n = 79) on the right. Dots indicate the
normalized average transcription level.
Bars indicate the standard deviation of the
normalized gene transcription levels. For
metallothionein microarray results, results
from the most significantly differentially
expressed cDNA clone are presented (six
metallothionein-A clones showed significant
gene transcription difference in the same
direction between farmed and wild salmon).
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The range and average magnitude of the significant
differences observed here between the hybrid and wild
salmon were strikingly higher than previously observed
between pure farmed and wild individuals. Differences of
this magnitude are comparable to those observed between
wild salmon from Norway and Canada (Roberge et al. 2006),
except that in this case, a large proportion of the gene
expression profiles showed nonhomogenous variances,
which was surprisingly not the case in the present study.
We interpret these results as evidence for the prevalence
of nonadditive genetic control of gene transcription (see
below). However, the fact that more genes were represented
on the microarray used in this study could have increased
the odds of observing extreme differences and hence be
responsible for part of the observed results. Yet, the
observation of high fold differences for genes which were
also represented on the earlier microarray platform (see
Table 1) does not support this possibility. For instance,
thioredoxin-like protein-19-coding gene was represented
on both microarrays and showed highly significant
transcriptional change of high magnitude (3.49 fold) in the
present study but no significant difference in Roberge et al.
(2006).

A majority (67%) of the genes which had shown signi-
ficant transcription differences between farmed and wild
salmon (Roberge et al. 2006) showed smaller or nonsigni-
ficant differences here, which concords with additivity of
their gene-transcription levels. However, the vast majority
of the genes which showed significant differences in the
present study (82%) had average normalized gene-
transcription levels either higher or lower than those of
both pure farmed and wild salmon, which suggests a
nonadditive genetic control of gene transcription. This
observation indicates that the genetic basis of transcrip-
tional control is likely to have been modified through
artificial selection and domestication for substantially more
genes than we previously detected when comparing pure
strains only (Roberge et al. 2006). A hypothetical explana-
tion for the high prevalence of new gene-transcription
changes with a nonadditive genetic basis in hybrids is
that pleiotropic changes may have had balancing effects
on the gene-transcription levels of several genes in farmed
salmon. This balance would have been lost in segregating
hybrids, revealing additional gene-transcription differences.
Overall, these results support the view that the genetic
architecture of gene transcription in farmed salmon has
rapidly evolved under artificial selection, such that genetic
interactions between farmed and wild salmon may generate
unpredicted phenotypes by inducing novel patterns of
gene expression.

The result that only a minority of the gene-transcription
differences observed between hybrid backcross and
wild salmon showed transmission patterns compatible
with additive gene interaction has also been reported in

studies performed on other organisms (Drosophila: Gibson
et al. 2004, < 2% additivity of gene transcription; Arabidopsis:
Vuylsteke et al. 2005, 27–37.5% additivity; maize: Auger
et al. 2005, 37% additivity; oyster: Hedgecock et al. 2007, 2%
additivity). In contrast, other studies have observed a majority
of transcription profiles under additive genetic control
(maize: Swanson-Wagner et al. 2006, 78% additivity; mice:
Cui et al. 2006). At the level of morphological or physiological
traits, additivity is generally admitted as being the norm,
yet nonadditive interactions resulting in either heterosis
or outbreeding depression are nonetheless widespread
(Lippman & Zamir 2007). In natural conditions, Atlantic
salmon farmed X wild hybrids (F1 and backcross) were
shown to have phenotypes intermediate to their wild
and farmed parental lineages for several life history traits
(growth, survival and parr maturity rates), suggesting that
the genetic basis for these traits is mainly additive (McGinnity
et al. 2003). These results were also confirmed for other
salmonids in laboratory studies where farmed and wild
lineages of rainbow trout (Oncorhynchus mykiss; Tymchuk
& Devlin 2005) and Coho salmon (O. kisutch; Tymchuk
et al. 2006) were crossed and the various hybrids compared
to their parental lineages for several traits. On the other
hand, nonadditive genetic interactions resulting in heterosis
and outbreeding depression has also been reported for
salmonids (Leary et al. 1983; Gharrett et al. 1999; Gilk et al.
2004). As pointed out by Gibson et al. (2004), most gene-
transcription profiles appear as nonadditive traits while
most traditional phenotypic traits (morphological, beha-
vioural, physiological) appear as additive traits. This
suggests that the apparent additivity at the phenotypic
level might result from complex interactions between
transcripts whose expression is controlled in a nonadditive
manner. To clarify this important issue, further studies
should aim at establishing a causal link between transgres-
sive phenotypes (including heterosis and heterozygote
depression) and gene transcription, as exemplified by
Hedgecock et al. (2007) and Meyer et al. (2007). Such
studies would also allow a better understanding of the
potential fitness consequences of nonadditive control of
gene transcription in post-F1-farmed X wild salmon hybrids.

The interbreeding of escaped farmed salmon with wild
individuals is considered a serious threat to natural popu-
lations (McGinnity et al. 2003). A pressing question is there-
fore to what extent this interbreeding can be expected
to modify the genetic make-up of wild Atlantic salmon
populations. Here, we compared the genome-wide gene-
transcription profiles of wild salmon and second generation
hybrids [backcross: (farmed X wild) X wild]. Strikingly, we
observed more and larger differences than we had previously
observed between the progeny of pure farmed and wild
genitors (Roberge et al. 2006). This suggests that inter-
breeding of fugitive farmed salmon and wild individuals
could substantially modify the genetic control of gene
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transcription in natural populations exposed to high
migration from fish farms, resulting in unpredictable
and potentially detrimental effects on the survival of these
populations. Moreover, in the absence of strict policies to
reduce the number of escaped farmed salmon considerably,
this number can be expected to increase due to the rapid
development of the aquaculture industry, further modifying
the genetic makeup of natural populations. Finally, sea
farming is developing rapidly for other marine fish species
(e.g. Atlantic cod and halibut, see Naylor et al. 2005) and
similar risks could eventually threaten natural populations
of those species as well. Results from the present study
thus further support the idea that measures to considerably
reduce the number of escaped farmed salmon and their
reproduction in the wild are urgently needed (e.g.
McGinnity et al. 2003; Naylor et al. 2005).
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